Abstract: Stability is a major issue which explains stable operation of electrical power system. Conventional methods adopted for the enhancement of transient stability (TS) include circuit breakers, fast acting exciters, and reduced total transfer reactance of the system. In this paper, Flexible AC Transmission System (FACTS) controller is used for effective utilization of transmission system. This controller improves the performance of transient stability (TS) and power flow. Simulations are performed to enhance the TS of Western System Coordinating Council (WSCC) 9 bus and 5 bus test systems with fixed compensation on different lines, and the optimal placement has been examined for improved results. For further improving the transient stability margin (TSM), a Thyristor Controlled Series Controller (TCSC) has been employed, and the simulation results show the suitability and effectiveness of TCSC for enhancing TS of power system.
Introduction
Power system stability is a major issue for the secure operation of power system. Many important blackouts caused by the instability of power system have explained the importance of this concept. As many power networks have emerged through increasing growth in interconnections, the use of new controls and technologies, and increased operation in the highly stressed operating conditions, various forms of system instability have evolved. Detailed analysis of various methods of instability, and how they are correlated is important for satisfactory operation and design of power systems [1] [2] .
Generally, the power system is a highly non-linear that operates in an eternally modifying environment with generator power outputs, load demands and key operating parameters are updated/modified regularly. However, when subjected to a disturbance, the stability of system depends on initial operating conditions and nature of disturbance [3] . The categorization of power system stability introduced in this paper and it is based on following discussions [4] [5] :
• Physical behavior of resulting disturbance of a system can be considered as main system in which the instability can be noticed.
• Size of selected instability influences the type of prediction and computation of stability.
• Processes, devices, time span should be taken into selection to obtain the stable operating condition. During steady state operation, TCSC helps in increasing and controlling power flow through a transmission line. Another important feature of TCSC is that, it's use during the major disturbances such as faults, due to their capability to enhance TS of the system. Effects of TCSC on variation of TS condition of power system by incorporating both generators and network, have been proposed and simulated in references [6] [7] . Reference [8] addresses the variable effective constitutive equivalent reactance capability of TCSC for improving the TS of power systems. For accessing varying effective constitutive equivalent reactance, two various controllers, i.e., a speed deviation based self-tuning Fuzzy type Proportional Integral Derivative of TCSC for the stability development of power systems are presented in [9] . Reference [10] presents a comprehensive review of general methods of FACTS devices. Reference [11] presents the effects of TCSC for improving the TS of single machine connected to infinite bus system with the selection of resistance of transmission line. To enhance the TS margin, a series FACTS controller is assigned, and the advantage of utilization of TCSC with fuzzy controller over fixed capacitor operation is presented in [12] .
A fuzzy logic controller for a TCSC to enhance power system transient stability is presented in [13] . Reference [14] proposes an eigen value based method for the analysis and improvement of steady state and TS of system using TCSC. An approach is proposed in [15] for modeling and parameters setting of TCSC in multi-machine power system to improve TS of the system. A new non-linear control scheme for TCSCs has been proposed in [16] to analyze TS of a multi-machine power system. Fuzzy based damping controller for TCSC to enhance the TS of power systems is proposed in [17] . Reference [18] presents an approach for optimal tuning the parameters of TCSC for the TS of power system.
To enhance the transient stability margin (TSM), a series FACTS controller has been introduced in this paper. A fuzzy controlled TCSC has been utilized, and results show the effectiveness of proposed approach in enhancing the TS of power system. The trajectory sensitivity analysis (TSA) has been utilized to measure the TS condition of power system. TCSC is designed by a variable capacitor, the value of which modifies with the firing angle. It has been shown that the TSA can be utilized in designing the controller. Optimal placement of TCSC controller for various fault conditions can also be recognized with the help of TSA. Simulation studies have been carried out to enhance TS of WSCC 3 machine 9 bus and 5 bus test systems. This paper presents the advantage of the utilization of proposed approach by using the TCSC.
The rest of present paper is organized as follows: Section 2 presents the analysis of transient stability (TS) and modeling of power system. Section 3 presents the TS of the multi-machine power system using network reduction technique and TCSC. Modeling of TCSC and power system is described in Section 4. The trajectory sensitivity analysis (TSA) is described in Section 5. Section 6 describes the results and discussion. Contributions with concluding remarks are presented in Section 7.
Transient Stability (TS) Analysis
For small disturbances, swing equation can be linearized leading to the concept of steady state stability. There is no available generalized criteria for explaining the system stability with large disturbances (i.e., TS) [19] . Operating characteristics of induction and synchronous machines are presented by a set of differential equations. The solution of network equations retains the identity of system, and hence contributes to the system currents and voltages during the transient period [20] . The modeling of system is presented next:
A. Generator Modeling
Synchronous machine is depicted by a voltage source, in back of a transient reactance, which is sustained in magnitude, but modifications in the angular position. If rotational power losses of machine due to such effects as friction and windage are negligible, then the difference between electrical and mechanical power equal to the accelerating power [6] . Classical model of generator is depicted in Figure 1 . 
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The classical model can be explained by following a set of algebraic and differential equations: Algebraic Equations:
B. Demands/loads Representation Except motors power system demands/loads are depicted by equivalent circuits, during the transient period it can be treated as many ways. Generally utilized demand/load representations are either static admittance or impedance to ground; active and reactive powers are constant. The parameters related with constant current and static impedance representation of demands/loads are accessed from scheduled bus loads. The bus voltages are computed from a power flow solution for power system prior to the disturbance [5] . Initial values of current for a sustained current representation of demands/loads are accessed from the following equation:
The static admittance (Ypo) is utilized to depict the load demand at bus P, and can be accessed using, =
The diagonal elements of YBus (i.e., admittance matrix) corresponding to load/demand bus are changed by using Ypo.
C. Simulation of Faults
A fault near or at a bus is represented by suitably modifying the self-admittance of bus. In 3 phase fault, the faulted bus has same potential as ground, the fault impedance is zero. This includes locating infinite shunt admittance, and the bus voltage effect is zero. Fault is removed by replacing the shunt admittance to suitable value depending on the post-fault configuration of the system [21] .
D. Simulation of Fault in the Power System Studies
Here, the symmetrical fault is simulated in one of the transmission lines at a time. The simulation studies are performed in the following 3 steps [22] :
Step 1: Pre-fault system is executed for a small time (assume 1 sec) until the system is initialized.
Step 2: Then, the fault is applied at one end of the line. Simulation of this faulted condition sustains until the line is disconnected from the buses at both the ends of faulted line after a time tcl (fault clearing time). The time gap between the tripping of breakers at two ends is neglected and analyzed the clearing time. Therefore, the disconnection of line at two ends can be selected simultaneously.
Step 3: Third step is post-fault system simulation. In this system, totally faulted line is disconnected from the system. Simulation is performed for a longer time (assumes 10-20secs) to notice the nature of transients. In the present paper, TS analysis is done for the single machine and multi machine power systems.
E. Single Machine Connected to an Infinite Bus
Under large disturbances, the transient stability applied for the stability analysis. Therefore, the non-linear ties to the design should be selected in the analysis. For the swing equation the analytical solutions are not available, numerical methods should be utilized [23] .
F. Numerical Solution by using Point-by-Point Method
Point-by-Point method or step-by-step method permits the numerical solution of swing equation. In this process, single or multiple variables are considered to remain constant or to vary according to the considered laws throughout a short interval of time (Δt). The Swing equation, neglecting damping term can be expressed using the equations (2) and (3) [24] . If over an interval (say K th , defined from the instant t(k-3/2) to t(k-1/2)), the accelerating power (Pa) is considered to be constant (at the value computed at t(k-1)), then
If the speed calculated at t(k-1/2) is assumed to be constant throughout the interval from t(k-1) to tk, then
(9) The above equation enables the computation of angle directly without recourse to the computation of the speed.
G. Equal Area Criteria
To test the stability of single machine connected to infinite bus power system, there is an easy and straight forward approach which doesn't need the solution of swing equation following the disturbances. The fundamental for this approach is that, in the first equation the system is stable, after the disturbances the rotor angle reaches to a maximum value that time we consider rotor angle initially accelerated and then oscillates about final steady state value. Hence, the stability is ascertained by observing the deviation of rotor angle speed (dδ/dt), and confirming the rotor angle becomes zero following the disturbances. The swing equation is expressed by [25] , Here, it is considered that at t=t0, system is at rest i.e., in equilibrium state the speed deviation is zero. In the above expression right hand side equation can be analyzed as the area between curves Pe vs δ and Pm vs δ. Here, Pm vs δ is a horizontal line, and Pm is considered as a constant. Pe vs δ is power angle curve, and it gives the stability of the system using equal area criteria [26] . For the system is to be stable,
This shows that the area is indicated by,
We should have A1 is positive portion for which Pm>Pe, and A2 is negative portion for which Pm<Pe. Here A1 and A2 magnitudes should be same, i.e., the difference between the positive portion and negative portion is equal to zero. = 1 − 2 = 0 (15) Here, the fault is assumed to be a transient one, which is cleared by the time of first reclosure. In case of a permanent fault, this system completely falls apart. In the multi machine system the above case will not be applied. In equal area criteria, the condition for the system to be stable is stated that, if area under Pa-δ curve decreases to zero at some value of δ [27] .
Transient Stability of Multi-Machine Power System
Procedure for determining the stability of multi-machine system is described below:
Step 1: From the pre-fault power flow information, find ′ for every generating unit. This will give | |, which will remain constant during the study and 0 = ( ). Here, it is also observed that the prime mover inputs to generating units, = 0 .
Step 2: Augment the power flow network with generator transient reactances. And shift the network buses behind the transient reactances.
Step 3:
(admittance matrix) is calculated for different network conditions: during the fault and post fault i.e., faulted line is cleared, after the line reclosure.
Step 4: In the faulted mode, from power angle equations generator outputs may be calculated.
Solve the swing equations using
Step-by-Step approach or Point-by-Point approach or any integration techniques like changed Runga Kutta fourth order method, Euler's method, etc.
Step 5: Repeat the above step for after line reclosure mode and post fault mode.
Step 6: Study the δ(t) graphs for all generating units, and accomplish the answer to the stability question.
The algorithm for network reduction technique is presented next: A. Algorithm for Network Reduction Technique Data Preparation Module:
To perform the TS study, the following data is required [28] : i. Calculate the mechanical power (Pm) of generating units using the power flow study of pre transient network, and also find values of Ei∟δi0 for all generating units. From the load bus data the equivalent impedance of the loads are accessed. ii. System data:
a. The direct axis transient reactance (Xd') and inertia constant (H) for all generating units. b. For the initial network conditions transmission network impedances are used and the subsequent switching like breaker reclosings and fault clearing. iii. Maximum time for which a solution to be considered, time of switching, placement and type of disturbance.
Preliminary computations:
To prepare the data required to perform the TS study, following preliminary computations are needed:
1. All the system data are changed to one common base. 2. The load demands are changed to equivalent admittances or equivalent impedances. The data required for this step is accessed from power flow study. Therefore, if a certain load bus has a voltage (VL), power (PL), reactive power (QL), and current (IL) flowing through the load admittance YL=GL+j BL, then
Equivalent shunt admittance of the bus is represented by,
3. From power flow data the internal voltages of generating units Ei∟δio are computed. By using the pre-transient terminal voltages V∟α, the internal angles can be calculated. Suppose, the terminal voltage is temporarily selected as a reference, then I=I1+jI2, and by using the relation P+jQ = VI*. Find E∟δ' using, E∟δ'= (V+ QXd'/V) + j (PXd'/V) (18) By applying the pre-transient voltage angle α to δ', or δ0= δ'+ α, initial generator angle δ0 is accessed. 4. The Ybus matrix is computed for every network condition.
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accessed for this reduced network. Reduction can be obtained by using the matrix operation. Except for the internal generator nodes all nodes have zero injection currents. This technique is used to access the network reduction, and is explained as follows,
V and Y matrices are partitioned accordingly, and we get
where n denotes the generator nodes and r denotes the remaining nodes. The size of Vn is (n*1) and the size of Vr is (r*
Yrn) is the desired reduced admittance matrix Y of size (n*n). The network reduction technique is a convenient method which can be used only when the load demands are considered as constant impedances. Network reduction technique is applied to the nodes whose current injection is zero.
B. Variable Series Compensation
It is recognized that series reactive impedance of transmission line primarily limited by the ac power transmission over long lines. With the FACTS technology, it is explained that the variable series compensation is very effective in controlling load flow in line and in improving the stability. Series capacitors are employed in order to increase the loadability and stability of HV transmission systems. The objective is to satisfy inductive voltage drop in the line by an inserted capacitive voltage or to reduce effective reactance of line. The inserted voltage contributed by a series capacitor is in proportion to and in quadrature with line current. Thus, the generated reactive power contributed by capacitor has a self-regulating impact. The objectives of series compensation are voltage stability, development of power oscillation damping, transient stability and sub-synchronous oscillation damping [24] . Figure 2 depicts the schematic diagram of TCSC includes series compensating capacitor in parallel with a thyristor controlled reactor (TCR). In practice, the TCSC implementation, many fundamental compensators may be connected in series to access operating characteristics and desired voltage rating [22] . The structure of TCSC is similar to the Thyristor Switched Series Capacitor (TSSC), and if XL is smaller than that of XC, then it can be operated in ON/OFF manner like TSSC. TCR at basic system frequency is a continuously variable reactive impedance, controllable by firing angle α, the steady state impedance of TCSC is expressed as [26] , XTCSC(α) = (Xc*XL)/(XL(α)-Xc) (24) where XL(α)=XL*π / (π-2 α-sin α), XL≤XL(α )≤∞, XL = ωL. In this paper, it is considered that TCSC is operated in the capacitive mode.
C. TCSC

Modeling of TCSC and Power System
A. The proposed control scheme
In next level, a controller is used with TCSC. The control scheme that is used in this paper is depicted in Figure 3 [19] . 
Trajectory Sensitivity Analysis
A. Calculations of Trajectory Sensitivity
The multi-machine power system is depicted by, ̇= ( , , ), ( ) =
The sensitivities of state trajectories w.r.t. system parameters can be determined by perturbing λ from its nominal value 0 . The trajectory sensitivity [6] expressions are,
Where = ⁄ . By using the numerical method the sensitivities can be determined easily, and is presented next:
B. The Numerical Evaluation: Alternative to Reduce Calculation
In this approach, we consider one scalar parameter (λ), and sensitivities are obtained with it. Two values of λ are considered (say λ 1 and λ 2 ). The corresponding state vectors x1 and x2 are calculated. The sensitivity at λ 1 is represented as [25] , 
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C. Quantification of Trajectory Sensitivity
Trajectory sensitivities ( ⁄ ) and ( Δ ⁄ ) gives the knowledge about the effect of change of parameter on individual state variables, and therefore on the generators of system. Despite, to know total system condition, we require summing up all these information. The norm of sensitivities of and Δ are computed. Sensitivity norm for m machine power system is expressed by [23] ,
where is termed as inverse of maximum of SN, i.e., = 1 max ( ) ⁄ . As the system moves towards the instability, the oscillation in the trajectory sensitivity will result in higher values of SN. This will result in the smaller values of η. Generally, η must be zero at the point of instability. Hence, η indicates the distance from the instability. In this work, η is utilized for assessing relative stability conditions of the system with various values of tcl, firing angle of TCSC and system load demand [23] . Here, we have assumed a fault in one of the lines of system. The postfault conditions are analyzed by sustainly increasing the tcl [21] .
Results and Discussion
In this section, the case studies are performed on Western System Coordinating Council (WSCC) 9 bus and 5 bus test systems. Let η 0 represents the value of η for the case without any TCSC, i.e., base case. Here, the TCSC is located in an open loop in one of the lines at a time, and then the corresponding η values are evaluated for different fault locations. The obtained values are normalized with respect to η 0 . Hence, if the value of normalized η in a certain operating condition is more than 1, then it represents that absolute value of η is more than η 0 . Table 1 presents the values of normalized η for different combinations of fault locations and TCSC when the faults cleared by line isolation. Here, it is considered that the faults are located near to one of the load buses (i.e., bus 5, 6 or 8) in all the case studies. The value of fault clearing time (tcl) is considered as 0.15sec and firing angle (α) of TCSC as 160°. Here, η gives the TSM of system. For TS improvement, higher values of η represents the preferable locations of TCSC.
A. Simulation Results on 9 Bus System
Here, a 3 phase fault is simulated in one of the lines of 9 bus system. The simulation is performed in 3 steps. Initially, pre-fault system is run for a small time. After that, a symmetrical fault is applied at one end of the line. Simulation of faulted condition sustains till the fault is cleared after a time tcl. Then, the post-fault system is simulated for a more time (assume 5sec) to notice the nature of transients. Fault can be the self-clearing type or can be cleared by isolating the faulted line. Table 1 . Normalized η (ETA) values of 9 bus system for TCSC placed in different fault locations.
Here, trajectory sensitivity method is used to find the location, which improves the stability margin to maximum. Figures 4 depicts the relative rotor angle oscillations of 21 (i.e., delta21) are 83.13° and 31 (i.e., delta31) are 56.12° during fault condition without any compensation. Figure 5 shows the plot of relative angle Vs time for the fault at 7 th bus, line 5-7 is opened, and the clearing time of 0.0873Sec with 50% compensation. From this figure, it can be observed that relative rotor angle oscillations of 21 (i.e., delta21) reduced to 67.16° and 31 (i.e., delta31) reduced to 34.81° during fault condition with fixed compensation. Figure 6 depicts the plot of relative angle Vs time for the fault at 7 th bus, line 5-7 is opened, the clearing time of 0.0873Sec with KP=0.8, KI=9, and the TCSC is located in line 6-9. From this Figure 6 , it is clear that relative rotor angle oscillations of 21 (i.e., delta21) is 47.7° and 31 (i.e., delta31) is 24.3° and these values are reduced to a great extent during fault condition with TCSC. This shows the improvement in transient stability margin using TCSC. Mostly the system stability conditions are improved by using TCSC, when it is located in line 5-7 or 6-9 line. Therefore, effect of TCSC with controller in these two locations is studied in this case. Another interesting issue is the comparison between TCSC without a controller (i.e., open loop) and the effects of TCSC controller. In open loop, TCSC works as a fixed capacitor throughout the period of disturbance, and it is termed as fixed capacitor mode of operation. Here, the effects of a TCSC controller and fixed capacitor combination on TS condition are examined and compared. For the system without TCSC, the fault duration is increased up to the critical clearing time (tcr). For a line isolated fault at bus 7, the obtained tcr is 0.18 sec. Figure 7 depicts the relative angle vs time plot for the fault at 7 th bus, line 5-7 is opened with clearing time of 0.18Sec. The system gets unstable for a tcl more than the tcr. But, by placing the TCSC at suitable location and by choosing the optimum controller constants values, the system continues to remain stable even for a higher tcl. The fault duration is taken as 0.245 sec (>tcr) and the relative rotor angle 21 for two cases, i.e., system without and with TCSC at line 6-9 are plotted.
The obtained relative rotor angle is found to diverge and become unbounded in case of system without TCSC, but it remains bounded and stable by placing the TCSC in line 6-9. Figure 8 depicts the relative angle vs time plot for the fault at 7 th bus, line 5-7 is opened, and the clearing time of 0.22Sec with 50% fixed compensation. Figure 9 shows the plot for fault at 7 th bus, line 5-7 is opened, clearing time of 0.245Sec with KP=0.8, KI=9 and TCSC placed in line 6-9. Table 2 presents the normalized values of η for various combinations of TCSC, and the fault locations when faults cleared by line isolation. Faults are assumed to be located near one of the load demand buses (2, 3, 4 or 5) in all the case studies. The value of fault clearing time (tc1) is considered as 0.1s and α of TCSC as 130° . The fault duration is increased up to tcr for the system without TCSC. For a line isolated fault at bus 2, the obtained value of tcr is 0.19sec ( Figure 13) . Therefore, the system gets unstable for a tcl more than this tcr. But, by placing the TCSC at suitable location and by properly choosing the controller constants values, the system continues to remain stable even for a higher fault clearing time (Figure 14) . The fault duration is considered as 0.22sec (>tcr) and the relative rotor angle 21 for two cases, i.e., system without TCSC and with TCSC in line 2-5 are depicted in Figures 14 and 15 , respectively. The above simulation results depicts the effectiveness and suitably of TCSC with appropriately designed controller to enhance the TS of power system. Here, a Proportional Integral controller is used for the effective use of TCSC in the multi-machine power network to enhance the TS margin.
B. Simulation Results on 5 Bus System
Conclusions
This paper addresses the enhancements of transient stability (TS) using TCSC. The detailed analysis of TS needs complete modeling of generators, and other related equipments. The time domain simulation is the most practical available technique for transient stability analysis. In this paper, network reduction techniques or step by step approach are used to solve the non-linear differential equations. Here, the TS analysis of Western System Coordinating Council (WSCC) 9 bus test system is used to perform different cases such as faults of self clearing type, fault cleared by line removal, etc. The damping of system is included, and the analysis shows better results. The case studies presents the optimal placement of fixed compensation in the system as line 6-9, and it is based on the first swing peak value. TCSC controller has been modeled and assigned at optimal placement. The simulation results present the effectiveness and suitability of application of TCSC in enhancing the TS of power system.
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